The modified New Brunswick Laboratory (NBL) Davies and Gray titrimetry method uses potassium dichromate standard 136-f from the National Institute of Standards and Technology for calibration. However, the presence of chromium in the resulting waste stream makes the disposal of waste from this procedure costly. The Actinide Analytical Chemistry (C-AAC) group at Los Alamos National Laboratory investigated and transitioned to a cerium based titrant as an alternative. We present the first long-term analytical study using this ceric-based titration method and compare it with NBL results based on the more-widely used dichromate titrimetric method.
Introduction
Uranium is the most abundant element present within the nuclear fuel cycle and related processes [1] . As such, an accurate and precise method for measuring uranium content is necessary for U quantification. The New Brunswick Laboratory (NBL)-Modified Davies and Gray titrimetric method is an accurate method for uranium content measurements in a variety of sample types without significant bias based on the original method first presented by Davies and Gray [2, 3] . Briefly, the uranium present in a material is reduced to U(IV) and is titrated with potassium dichromate to U(VI). The Resource Conservation and Recovery Act (RCRA) characterizes the waste generated by the NBL Titrimetric Method as corrosive (pH B 2.0). The waste can be neutralized at the time of generation. However, hexavalent chromium compounds are also defined by RCRA as toxic and known carcinogens [4] . Due to the presence of chromium, even after neutralization, the waste from the NBL titrimetric method is classified as a mixed waste (both RCRA regulated and radioactive). NBL investigated alternative analytical methods that were capable of similar performance (Table 1) . No uranium analysis method was found to yield precision, accuracy, ease of use, and insensitivity to the presence of impurities. If the dichromate used in the NBL titrimetric method is replaced with another titrant, the waste solutions potentially will not contain RCRA-listed chemicals. The Actinide Analytical Chemistry (AAC) group at Los Alamos National Laboratory contributed to the development of the cerium(IV)-based titrimetric method as an alternative [5] . The ceriumbased titrimetric method has been utilized within AAC since 1992 and the performance of the method is well established [6] . However, to this date, no known peer-reviewed data has been contributed that demonstrates the long-term stability of the cerium-based method. Here, we provide a comparison of the potassium dichromate based and cerium based titrimetry methods.
Experimental
The Davies and Gray titrimetric method may be used for uranium assay measurements at multiple points within the uranium fuel cycle. Samples analyzed can be of different material types (metals, oxides, mixed oxides, fluorides, carbides, nitrides, alloys, spent fuel, yellow cake, scrap, and debris). Dissolution is a critical step that affects the assay value. The loss of a single drop of the sample aliquot solution will cause the assay value to be biased by as much as 0.3%. The sample mass for the initial dissolution will also impact overall uncertainty. Typically 150-300 mg of material is dissolved when using either cerium or dichromate titrants. Lower initial dissolution masses will display larger uncertainties. The dissolution method chosen varies depending on the material type [8] . Metals/alloys must be pickled to remove surface oxides. Oxides, unless mixed oxides, are typically dissolved in nitric acid.
Titrations
The technique is based upon the reduction of U(VI) to U(IV) followed by subsequent titration of the U(IV) with either potassium dichromate or cerium sulfate (Eqs. 1-7).
Uranium(VI) is reduced to uranium(IV) in concentrated phosphoric acid in the presence of sulfamic acid by reaction with iron according to:
The excess of iron(II) sulfate is subsequently oxidized by nitric acid in the presence of molybdenum(II) sulfate following:
The equivalent reaction is:
Any excess NO 3 -and NO 2 -are removed by reaction with sulfamic acid. During Davies and Gray titrimetry, in a dilute phosphoric acid media, U(IV) is oxidized to U(VI) using vanadium as an electrochemical enhancer (V has better kinetics than U with Ce or Cr) as follows:
Reactions during titration with ceric sulfate or potassium dichromate are as follows:
This is equivalent to the titration of U(IV) with cerium or dichromate as shown by: The modified ceric titration method proceeds using the following titration procedure. First, a 25 mg aliquot that has been dissolved using one of the dissolution methods described in the previous discussion and dried with 0.5 M H 2 SO 4 is stirred with a Teflon-coated magnetic stir bar while 2 mL of 1.7 M sulfamic acid and 25 mL of a reducing solution composed of 11.8 M H 3 PO 4 , 0.09 M FeSO 4 , and 0.17 M H 2 SO 4 is added. After 60 s, 5 mL of an oxidizing solution composed of 8 M HNO 3 , 0.24 M sulfamic acid, and 0.4% ammonium molybdate is added. Three minutes after the solution clears, stirring is terminated and the walls of the beaker are rinsed with 10-15 mL of vanadyl sulfate (0.008 M in 0.5 M H 2 SO 4 ). When the volume reaches 80 mL total through the addition of VOSO 4 , stirring is re-initiated, the electrode is added, and the solution is titrated with ceric sulfate to an endpoint between 580 and 620 mV using a Pt indicator electrode and a calomel reference electrode. For the dichromate titration, 15-20 mg of sample is mixed with 12-15 mL of concentrated phosphoric acid. The sample is stirred with a Teflon-coated magnetic stir bar, and the following reagents are added: 5 mL of 1.5 M sulfamic acid, 5 mL of 1 M ferrous sulfate, 10 mL of nitric acid oxidizing reagent (30 s following the ferrous sulfate addition). Then, 0.075% vanadyl sulfate in 1% sulfuric acid is added 3 min after the solution becomes clear, immediately followed by addition of the dichromate titrant. The solution is titrated to a potential of 580-605 mV using a Pt indicator electrode and a calomel reference electrode. All titrations are gravimetrically titrated for greater accuracy and precision. At NBL, Fig. 1 Comparison of the titration curves for ceric and dichromate titrations (notice the difference in x-axis scaling). Ceric has a sharper end point resulting in the increased possibility of over titration Fig. 2 Plot of the assay values in the U metal control standard using ceric titrant. The distribution is skewed to higher numbers, demonstrating that the potential of over-titration is more probable than undertitration Journal of Radioanalytical and Nuclear Chemistry (2018) 318:227-233 229 dichromate titrant blanks, consisting of all reagents but with no uranium present, are processed prior to sample titrations. This is possible because a micro-pipettor is used allowing for dispensing of low volume droplets and a smaller endpoint range. The mass of the titrant used for blanks is subtracted from all subsequent sample titrations. Typically, blanks are determined for each day of titration. Blanks are not processed during the LANL ceric titration because droplet volume is too large from the glass burette resulting in over titration for blank concentrations. A comparison of the ceric and dichromate titration procedures is listed in Table 2 . A comparison of the titration curves are depicted in Figs. 1, 2.
Traceability considerations
Traceability is established at NBL for dichromate titrations using NIST SRM 136-f. CRM 112-A, Uranium (normal) Metal Assay and Isotopic Standard is used as the quality control (QC) standard. At LANL ceric titration traceability is established using CRM 112-A. An independent metal standard CF-83-18-52, also of natural uranium isotopic composition, as well as NIST SRM 950b, a U 3 O 8 oxide assay and isotopic standard, are used as QC standards. The assay data on the metal standard, used as a QC, is exchanged with an independent laboratory every 2-3 years and the consistency of the assay values are confirmed [9] .
Uncertainty considerations
Independent of whether dichromate titration or ceric titration is employed, several sources of uncertainties for the Davies and Gray method have been identified [10] . These include inadequate understanding of weighing uncertainties, failure to make atomic weight corrections, failure to understand true uncertainty of the burette/auto-titrator system, failure to condition the electrodes, failure to complete the titration in under seven minutes, and failure to pre-oxidize the phosphoric acid.
To ensure low uncertainties, the following steps guide LANL and NBL titrations. All sample and standard aliquoting and dilutions are performed gravimetrically. All masses are [ 1 g and the starting aliquot mass is \ 3 g. Oxidizing agents (nitric acid, sulfamic acid, and ammonium molybdate mixture) and reducing agents (phosphoric acid, iron sulfate, and sulfuric acid mixture) are made fresh weekly. Vanadyl sulfate is stored in a glass or Teflon bottle (other types of plastics are not appropriate for storing this solution). Ceric sulfate (titrant) is filtered, sparged, and allowed to sit for one month after dilution. Then, it is sparged again and stored in an opaque container to protect the solution from photodegradation. The phosphoric acid must be pre-oxidized. Similar sized amounts of the calibration standards and check standards are aliquoted with respect to the samples. The ceric titrant is calibrated each time titrations are made. A minimum of three replicates are analyzed for calibration and a percent relative standard deviation (% RSD) of at least 0.1% is maintained. A minimum of two check standards and samples are analyzed. Samples are interspersed with standards.
Method performance
Both dichromate and ceric based titrations yield assay values with no significant systematic bias [11, 12] . Limits for impurity contents that are large enough to systematically bias Davies and Gray titrimetry results are detailed in the following. Assuming titrations using 25 mg aliquots of uranium, interference effects of the following magnitude are observed: Al, Zr, and NO 2 -, do not interfere when present at or below 4 mg; As(V) and Th do not interfere when present at or below 1 mg; Mo and Mn do not interfere when present at or below 0.5 mg; nitrate will not interfere unless present at [ 3 mL of concentrated nitric acid; and excessive amounts of peroxide is indicated by failure to observe dark coloration during the oxidation. Thus, it is unlikely that a sample containing excessive amounts of peroxide will be titrated without recognizing this failure. When present at 2 mg levels in the aliquot, bromide, oxalate, Au, Sn and platinum group elements interfere at 0.1%. Interference from I, iodate, Ag, V(V) and Tc is more severe. Each of these impurity levels must be kept below 1 mg in the aliquot (0.1% interference at 1 mg level). As(III) and Sb(III) yield a bias which is proportional to the amount added. When present at 0.5 mg levels, As(III) can cause a positive bias of 0.3% and Sb(III) can cause a bias of * 4%. A general summary of these interferences is shown in Table 3 .
Temperatures in the range of 20 to 31°C will have no influence on the titration results though temperatures outside of this range can affect reaction rates and times that can result in systematic biases.
Performance comparison
For the LANL control experiments using cerium titrant, % RSDs of 0.032%, 0.042%, 0.034%, and 0.031% were observed for the metal control standard, U titer, overall metal batch, and U oxide control standard, respectively (Figs. 3, 4) . No significant analyst-to-analyst differences were observed.
Similarly, the dichromate titrant resulted in performance limits estimated for the D&G Titrimetry reported an average percent relative deviation (%RD) for all data (N = 79, collected over a period of over 2 years) of 0.018 with a %RSD of 0.038 (Fig. 5) . These results suggest that over a period of several years, that the method performs within acceptable limits using either cerium or dichromate titrant (Table 4) . 
Conclusions
The Davies and Gray method is widely used within the nuclear industry for the accurate and precise measurement of uranium. Historically, this method has utilized dichromate as a titrant with acceptable results for accuracy and precision. However, due to the increasing cost of disposing chromium-based waste, a cerium-based titration was developed. As it has been monitored over time, this modified method has provided results that are within similar levels of uncertainty as the chromium-based titration. Due to the advantages that the cerium method affords, it will likely be used as the standard method for Davies and Gray titrations in the future.
